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ABSTRACT
SOLAR STAND-ALONE SYSTEM WITH STORAGE AND DC BUS CONTROL
Sandeep Reddy Lethakula, M.S
Department of Electrical Engineering
Northern Illinois University, 2015
Dr. Donald Zinger, Director

Now-a-days people are busy in finding the replacement for fossil fuels, because fossil
fuels are at a stage of extinction. As the demand for energy requirement is high, the fossil fuels
alone cannot meet the energy requirements. Some kind of clean, efficient, cheap and selfsustainable energy sources should be used, few of them are solar, wind, geothermal and hydropower. As of now, it’s a global mission to use the renewable energy sources, which can control
the global warming and many other ecological imbalances. Many governments are encouraging
and supporting for new researches in this field.
Among all energy sources, solar energy is abundantly available on earth. Only 30% of
solar radiation is reflected back to space, remaining 70% of radiation is absorbed by earth
surface. In recent days, solar cells are manufactured with highly efficient materials which can
generate large amount of currents. Solar panel systems are modified to support low power and
high power applications by controlling many parameters. Out of all systems, solar stand-alone
system is the most efficient and user friendly system.
In this research, a solar stand-alone system is built for controlling the DC bus voltage
using the reference voltage. The voltage in the bus is controlled by different parameters like
irradiance, temperature, number of cells and reference voltage. The performance of the
controlled current source in the voltage loop is observed during night and day time irradiances.

Moreover maximum power point tracking system is designed in this system, which is mandatory
for a solar panel system to attain maximum power. MATLAB/SIMULINK software is used to
design this system.
At the end of the day, hope all the research activities produce efficient outcomes at much
better performance without affecting the natural life.
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CHAPTER 1
INTRODUCTION

In recent days, the increase in continuous power demand is making researchers to work
on more efficient power generation techniques. On the other side, the regular price hike in fuel,
increase in global warming and adversely effecting environment pollution. Global warming is a
good lesson for all of us, these challenges for engineers are encouraging them to work more on
clean, renewable and eco-friendly sources. By using renewable energy sources greenhouse
emissions can be controlled. All renewable energy sources are self-sustaining energy sources,
they produce energy on themselves. Recycling of energy can be achieved through renewable
energy. There are many renewable energy sources like solar, wind, tidal and geo-thermal energy
sources. Among the renewable energy sources, solar energy is available abundantly. Sunlight
gives great chance to produce electricity at free of cost.
In today’s ever-changing world, technology is being updated day to day, when solar cells
are considered. Engineers are finding solutions for the existing problems like thermal radiation,
efficiency, shadow, dust and many other time constraints with in solar cells. Keeping aside the
problems, people are busy in using solar energies. With the increase in usage of these energies it
results in adverse effects to the environment. In order to retrofit these effects, Scientists are
working on new technologies like radiative cooling and solar window. These energies produce
efficient outcomes at much better performance and efficiency without affecting the natural life.
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Solar energies are one of the most commonly used alternative energies in daily life. Solar
cells are electrical devices which converts light energy into electricity by using photovoltaic
effect. Photovoltaic effect is defined as the generation of electricity using sunlight. Solar cells
they together constitute photovoltaic modules and solar cells are also called as solar panels. Solar
cells are made with materials like silicon, gallium arsenide and titanium oxide. Solar energy
production with less efficiency and less cost has many advantages when compared with the solar
energy production with high efficiency and high cost. In fact the efficiency parameter is selected
depending on the application for which it is used. Moreover cost of the system can dominate
efficiency factor for commercial products when customers are concerned.
Photovoltaic cells are one of the sources for alternative energy. They are used to produce
electricity using solar energy. These cells are mechanically very simple and produce electricity
from solar energy. They are also clean and emission free. Cells are placed under the sun and
these cells absorb the sun light as solar energy which is similar to photosynthesis which actually
prepares their food using sunlight and water. These cells absorb sunlight that falls on them and
convert this energy into electricity.
This thesis comprises of nine chapters, chapter two is all about previous research work. It
explains about solar cell material selection for designing it and the review of few journals. In
third chapter, different solar panel systems are described with advantages and disadvantages. In
chapter four and five, the solar stand-alone system performance is discussed. It mainly explains
about solar stand-alone system for a smart home. Chapter six illustrates about designing of solar
panel system, describing the each process from irradiance to output power generation. In chapter
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seven, over all Simulink model are discussed. Chapter eight and nine explains about simulation
results, performance characteristics and future work for this system.
1.1.

Thesis objective

•

To design an efficient solar stand-alone system using MATLAB/SIMULINK.

•

Simulation and performance of stand-alone solar system.

•

Controlling a DC bus using reference voltage

•

To analyze controlled current source in the loop during day and night times.

CHAPTER 2
LITERATURE REVIEW

Initially a lot of research work is done before selecting this topic, many journals are
referred which are related to solar panels. While going through this articles there were many
unanswered questions. Many similar disadvantages with solar panels are observed in all the
articles. Efficiency, thermal radiation, shadow tracker, energy density and cost are the major
limitations in the system. In the further research, more articles are analyzed and found many
innovative solutions for most of the previous questions. There are few topics which are referred
in this document, are indirectly related to this thesis, but they helped a lot in understanding the
topic.
Gujarat State Government, in India did a great job by implementing solar panel
technology throughout their state, which influenced for choosing this topic. Gujarat is
accommodating Asia’s largest solar park as shown in figure1 with generation of 600MWatts
power using solar panels. As mentioned by Mathias, the government has started solar based
charging system projects for hybrid electric vehicles. Moreover, they covered many canals and
roads with solar panels, which saves the space and keeps the water clean.
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Figure 1. Largest solar park in Gujarat, India [1]
Starting with Jones and Underwood [2] article, they proposed and designed a
photovoltaic system based on temperature. The PV model operates well at low temperatures and
gives better results when compared at high temperature. When the system is operated at high
temperature, thermal radiation takes place which in fact reduces the life cycle of a solar panel.
Thermal radiation can be reduced by using cool air and water deposition.

Figure 2. Proposed structure for radiative cooling of solar cells [3]
Considering Optica [3] journal, Zhu basically explains about the importance of solar cell
design instead of solar panel systems. He does research at scratch level to increase the
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productivity from the solar panel. Zhu [3] in this article, proposes a silica layer placed in a
pyramid like structure on the top of solar cells as shown in figure 2, which absorbs the light and
converts it into energy using photovoltaic (PV) cells while allowing for radiative cooling of solar
cells. He uses only one photovoltaic cell in each layer. Several layers were formed by stacking
each layer, which increases the density of solar cells. Hence it increases the productivity of the
system.
The efficiency of the panel is brought up to 41% from 25% by introducing CPV
technology which is designed by Opalka [4]. They stack more number of layers on a single
surface, which increases the energy density of the system. Efficiency being an important factor,
it decides the technology to be used for the applications.
In the article written by Bullis [5], he cites the author Javey [5] saying that he uses III-V
semiconductor materials for fabrication of cells, which reduces the cost of solar panels.
Moreover high efficiency of the solar cells can be achieved using less cost material namely
perovskite as mentioned by Whitwam [6] in his article. As he said, perovskite is made up of
calcium titanate, which is available across the world as deposits. This new material is
replacement for the existing silicon material. The stability of the solar panels is maintained up to
1000 hours of sunlight exposure by using perovskite material as explained in Ecole
Polytechnique Federale de Lausanne [7] article.
At this point of time, efficiency is brought up to 41% which is a good go for all solar
based projects. Tracking system is implemented for the future projects, which is an advantage in
saving the land from shadow. Cost of the system is reduced when compared with the previous
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models. Efficiency and cost of the system are two important parameters on which the research
work is going on for an improvement with the existing system.
Till now, properties of solar cell are discussed, which is a crucial part in deciding the
amount of power generation. Most of the research articles mentioned here uses either software
simulation or hardware testing. T.Salmi, M.Bouzguenda, A.Gasti and A.Masmoudi [8] designed
a solar panel system using boost converter which is tested for different physical and
environmental parameters. S. Sheik Mohammed [9] designed two solar panels named MSX 60
and MSX 64 and tested them using simulation. Sheik used theoretical values from
manufacturer’s datasheet and tested for practical values. Both the practical and theoretical values
were almost nearer. Truptishree Dutta [10] designed global maximum power point tracking
system for a partially shaded condition. It is designed to track the maximum power quickly
according to changing climatic conditions. A voltage loop control system for multiple loads
using a DC bus is designed by P.Karlsson and J. Svensson [11] for testing the dynamic and
steady state characteristics of the bus. A DC hybrid bus distribution is designed by Amin, M. M,
Elshaer, M. A, and Mohammed, O. A, [12] which can be used for DC and AC loads.
After all at the end, a possible work extension for Bilal Ul Haq, S., [13]’s thesis is
discussed and started working on it. Smart home: A solar based stand-alone system by Bilal Ul
Haq, S., [13], which mainly discusses about battery storage as a primary backup. In this project,
he considered a house in Rockford and designed his system according to the load requirements
of that house. His approach was considered and designed a solar panel system, but it was not
working efficiently. Then after research scope was shortened to only solar stand-alone system
and started literature review. Chandani, S., and Anamika, J., [14] designed a mathematical
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system, which only produces output power. It is a mathematical model, which doesn’t have any
storage device. It doesn’t track maximum power point, which is a drawback in there system.
Details about each model are discussed in the further chapters. For this design
MATLAB/SIMULINK software is used for simulation. Sim power system is one of the electrical
power systems module, in which we can design, simulate the circuits and analyze the results.
Sim power systems library components are not compatible with other library devices like sim
electronics, sim mechanics and other non-simscape modules. For this thesis only sim power
systems blocks and few Simulink blocks are used.
This research mainly focuses on designing a solar panel based stand-alone system.
Analyzing the simulation and performance characteristics of stand-alone system. Controlling the
voltage in the DC bus is one major part of this research. On the other side, a detailed study is
made to analyze the performance characteristics of controlled current source. As part of this
thesis, maximum power point tracking for solar panel is also analyzed.

CHAPTER 3
SOLAR PANEL SYSTEMS

There are two types of solar panel based systems, one being grid connected solar system
and the other one is stand-alone solar system. Both the systems have its own advantages and
disadvantages. Solar panel system selection can be decided based on the application for which it
is used.
3.1 Grid connected solar system

In this system, power is supplied to load throughout the day and night. The excess power
left after supplying to the load is supplied to grid. The power in the grid is supplied for
commercial purpose. In this kind of system, it has PV array, maximum power point tracking
(MPPT) algorithm, inverter, load and grid as shown in figure 3. It saves your power bill.
Maintenance cost can be reduced when compared with the other storage systems.

3.1.1 Advantages
•

Less cost when compared with other systems.

•

Back up is always available for any kind of circumstances.
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3.1.2 Disadvantages
•

Power bill will be a big issue.

•

Service fee will be charged for supplying electricity.

•

This system cannot guarantee a constant power supply to home.

•

Smart meter and load sizing should be maintained.

Figure 3. Grid connected system [15]
Multiple solar panel systems from different houses are grouped together to store the
power in the grid. The sizing of the solar panel system should be planned properly so that they
are not deficient for power for their own loads at home. Once they reach the power limits for
their home, they can start storing the excess energy in the grid. Power produced from this system
can be sold to grid people, owners of this system can make lot of money and meanwhile the
maintenance costs are very high. Owners/ designers have to follow up the wiring and many
others parts for replacement in regular intervals of time.
Keeping aside the advantages and disadvantages most of them use grid connected solar
system, this is the technology prior to the stand alone solar system. Most of them are aware of
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this technology, many Governments in different countries supported and implemented this kind
of systems.
3.2 Stand-alone solar system

Usually this kind of system is used for residential purposes. A storage system is added to
the grid connected solar system by replacing the grid with battery, capacitor kind of things. In
this project, a current source is used as a storage system. It consists of PV array, MPPT
algorithm, boost converter, inverter, bi-directional converter and a battery storage system as
shown in figure 4.

3.2.1 Advantages
•

System power is unrestricted and can add more panels if needed.

•

No more issues with power bill.

•

Generates clean and continuous supply throughout the day and night.

•

No need of smart meter.
3.2.2 Disadvantages

•

Emergency backup is not available.

•

System implementation cost is high.

•

Maintenance is required throughout the year.
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Stand-alone solar panel systems are most commonly used one’s in recent days. This is
most efficient system when compared to the other systems, stand-alone systems are independent
systems. It doesn’t require any external support from grid. When sizing is compared with grid
connected systems, one has to be particular about amount of power they are generating. Because
if the power required for load is less and the power generated by the system is high, the surplus
energy should be stored in the storage devices. So, depending on the load requirements they have
to size there system. Once they find the specifications for their system, they have to select the
solar panel according to the requirements. After selecting the solar panel, a suitable converter,
which may decrease or increase the output voltage should be selected. In order to control the
converter and extract the maximum power from solar panel, a maximum power point tracker
should be used. At the end, load takes the required power and then backups the extra power to
the storage device.

Figure 4. Stand-alone solar panel system [16]

CHAPTER 4
MODEL 1 - SOLAR STAND-ALONE SYSTEM

In general, most of the blocks are common for solar stand-alone system designing. When
compared with Bilal Ul Haq, S., [13] thesis, this thesis doesn’t use bidirectional converter, dc-ac
inverter and a battery as a storage device. Bilal Ul Haq, S., [13] used equivalent circuit approach
for designing a solar cell, whereas for this thesis a mathematical approach is used for designing
the solar cell.
The first proposed model was having DC/AC inverter, bidirectional converter and a
battery blocks. A brief description is given about it in this chapter.
4.1 DC/AC Inverter

Usually DC-DC power converters are used to either enchance or diminish the voltage
levels in the circuit. After achieving the required voltage outcomes, the voltage is supplied to
different loads, they may be DC or AC loads. For DC loads, they can directly take required
voltage from converter, but for AC loads we have to use DC-AC inverters. DC-AC inverters are
used to produce alternating current and output voltage to the loads.
Inverters convert the direct current into direct source of power, further DC power is
converted into AC power for applications. The desired output current and voltage can be set by
using the switching frequency in the bridge circuit.
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Selection of power inverters depends on the following parameters
•

Power ratings

•

Efficiency

•

Switching frequency

•

Cost

•

Life cycle

•

Application

There are many applications for using power inverters, Parameters mentioned above can
be selected depending on the application for which it is used. Few applications are mentioned
below.

Figure 5. DC-AC inverter [17]
4.1.1 Applications
•

Cell phones
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•

Automobiles (cars, boats, flights)

•

Household inverters.

•

Household appliances

Power inverters are not mandatory for any solar panel ssytems as shown in figure 5, it’s
the designer/ customer’s interest for having inverter. Anyhow having inverter is advantegeous
but its costly compared to the system without inverters.
4.2 Bi-directional Converter

Bi-directional converter is present in most of the stand-alone systems. It acts as a barrier
between source and load. The excess power leftover after load requirements is stored in a
battery. A bi-directional converter and controller is used to control the flow between source and
load. This converter operates in buck mode for charging the battery, because it supplies the
power to load and meanwhile it sends small amount of charge to battery. While the battery is
discharging it acts in boost mode, because it has to give all its power to the load immediately. A
capacitor is placed before the battery for blocking the ripples in the current, so it increases the
life time of the battery.
There are many advantages for having bi-directional converter and controller in the
circuit, they are
4.2.1 Advantages
•

System acts very fast during emergency back up’s.

•

Indirectly helps in increasing the storage capacity.
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•

Systems efficiency is increased.

•

Creates good communication between source and load.

•

Stability and feasibility of the system is increased.
4.2.2 Applications

These are used for both low power and high power applications
•

UPS system

•

Hybrid electric vehicles

•

Wind power generation
4.3 Battery

Battery is used for physical form of storage of energy, it is one form of electro chemical
cells. It supports the bi-directional flow of energy from one form to another, i. e chemical to
electrical and vice-versa. Basically there are two types of batteries, re-chargeable and nonrechargeable batteries.
The main purpose of batteries in this thesis is to store the excess power. As it is
mentioned in the earlier chapters the leftover power (after supplying to loads) is stored during the
day time when irradiance is more. During nights when irradiance is low, battery supplies the
power to loads. Battery is acting as load and source, a clear analyzation is made on this. During
day time it is acting like load and during night it is acting as source of power. Bi-directional
converter and controller helps in acting as load and source.
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The battery material types present in MATLAB/SIMULINK are
•

Lithium-ion

•

Lead acid

•

Nickel metal hydride

•

Nickel cadmium

The following table 1 compares the different battery properties theoretically.
Table 1. Theoretical comparison between different battery materials [18]

NiCd

NiMH

Lead Acid

Li-ion

45-80

60-120

30-50

110-160

100 to 200

200 to 300

<100

150 to 250

Cycle Life

1500

300 to 500

200 to 300

500 to 1000

Charge time

1h

2-4h

8-16h

2-4h

Overcharge

Moderate

Low

High

Very Low

Self-

20%

30%

5%

10%

Energy
Density
(Wh/kg)
Internal
Resistance
(mohm)

discharge/
month at

18

room
temperature

Cell Voltage

1.25V

1.25V

2V

3.6V

60 to 90 days

3 to 6 months

NR

$50

$60

$25

$100

$0.04

$0.12

$0.10

$0.14

Maintenance 30 to 60 days
Requirement
Typical
Battery Cost
Cost per
cycle (USA)

Sizing of the battery is directly linked to solar panel size and load size. Battery size
should be atleast equal to the difference between solar panel and load size. In matlab, a
rechargeable battery block can be accessed and used. One can customize the battery size as they
wish, if they require more number of batteries, they can add them together.
Figure 6 below represents the battery model in MATLAB/SIMULINK

Figure 6. Battery model in SIMULINK [19]
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Battery model can be designed in SIMULINK in the following way for a Nickel metal
hydride battery as shown in figure 7 and similar designs are possible for other three materials.

Figure 7. Design for a battery model for Nickel metal hydride in SIMULINK [19]
4.3.1 Advantages
•

One of the best storage device

•

Rechargeable batteries are eco-friendly and cheap.

•

Maintenance cost is very less

•

Provides high power ratings

•

Supports for a long time

The following figure 8 shows the solar stand alone system . The steps involved in this
system are described below.
•

Power flow begins with solar energy converting into electricity.

•

It is processed with MPPT algorithm so that the actual power reaches around
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maximum power.
•

Boost converter is used to step up the voltage depending on the load.

•

DC/AC inverter provides the electricity for AC loads.

•

Bidirectional converter helps in charging and discharging the battery.

•

Battery is used to store the excess power which is left over after the usage for
load.

Figure 8. Design flow of solar stand-alone system [13]

CHAPTER 5
DESIGN APPROACH 1

The following approach is the continuation work for Bilal Ul Haq, S., [13] thesis. As
there are four different kinds of battery materials, in this thesis the initial approach was to make a
comparative study of four batteries for this proposed system. This thesis’s initial aim was to
calculate the following parameters
•

Cycle efficiency

•

Power density

•

Energy density

•

Cycle life

•

Cost and maintenance requirements

•

Performance characteristics

This approach explains steps involved in simulating the initial proposed work.
•

Design a stand-alone system for a house.

•

In the first cycle, set the parameters for nickel metal hydride battery and calculate
the required parameters like cycle efficiency, power density.

•

Check the overall performance of the system.

•

Plot P-V/I-V characteristics for system.

•

Calculate SOC of a battery.
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•

Repeat this process for lithium-ion, lead acid and nickel-cadmium batteries.

•

Compare the cycle efficiency, power density, cycle life for batteries.

The following schematic in figure 9 shows the setup for solar stand-alone system using
battery in SIMULINK. The schematic below has many subsystems like
•

Solar Panel

•

MPPT and filter circuits

•

Boost converter and controller

•

Inverter and load

•

Bi-directional controller and converter

•

Battery
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Figure 9. SIMULINK model for solar stand-alone system [13]
Model from Bilal Ul Haq, S., [13]’s thesis document was constructed, but it was not
working properly due to some inner value specifications. It couln’t track the maximum power
from this circuit. A detailed study is made on his document for inner value specifications, but
couldn’t find them. Atlast it was working to some extent, when the circuit is redesigned with few
changes. In the next step MPPT was not working as it should be, so his circuit was not
considered for this thesis as it is not working. So looking at new references, few new models are
designed, they were simulating without any errors, maximum power is being tracked and the
output power is very close to the theoretical value. But the circuit is not working for global
values, it was working only for few temperatures and irradiances. So, the further research is
switched to work on global model which works for all conditions.
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Chandani, S., and Anamika, J., [14] research paper is considered for designing the next
model. It is a mathematical model with different equations which depends on irradiance,
temperature, number of series and number of parallel cells.

CHAPTER 6
MODEL 2 – STAND ALONE SYSTEM WITH STORAGE AND DC BUS CONTROL

After referring Chandani, S., and Anamika, J., [14] research paper, the research theme
was shifted to control the DC bus. Moreover, the behavior of controlled current source in the
feedback loop is observed and analyzed. A detailed explanation about each and every block is
given in this chapter. This system consists of
•

Solar cell

•

Boost converter

•

MPPT algorithm

•

Voltage control loop
6.1 Solar cell

Solar panels are made of PV cells, where PV cells produce charge when photons from
sunlight hits the panel. These photons accelerates the cells on the solar panel to generate flow of
electrons. As the panel is made of semi-conductor material, it has some energy band gap between
them. Due to this energy gap present in the semi-conductor material, it creates electron-hole
pairs. Local electric field present in the material helps for movement of electrons, which
generates photo-current. In this way, solar panels produce electricity from sunlight.
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Solar cells can be connected in series and parallel as shown in figure 10. When they are
connected in series we can get desired output voltage. By connecting cells in parallel we can get
desired output current. Each solar cell will consist of photo current source, diode and a resistor.
PV cells are grouped together to form modules, these modules are attached to form solar panel.
The following figure shows the series and parallel connections.

Figure 10. Solar cells connected in series and parallel [13]
The equivalent electrical model of solar cell is shown in figure 11,

Figure 11. Equivalent Model of Solar Cell [20]
The mathematical equations which are used for this thesis are listed below,
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6.1.1 Thermal Voltage Equation

Thermal voltage is defined as the average number of charge carriers present on a solar
cell. It depends on operating temperature, where Kb and q being constant values.
V =(K T

)/q [14]

Figure 12. Thermal voltage model
6.1.2 Diode Current Equation

The current passing through the diode is termed as diode current, it is a function of
voltage. Remaining all the parameters are constant. This equation is used to derive the load
current equation as shown in figure 13.
I = N I [e

(

)

-1] [14]
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Figure 13. Direct current model
6.1.3 Load Current Equation

This current depends on other three currents, it is the difference of source current, diode
current and current across the shunt resistance. The model for this equation is shown in figure 14.
I =I N −I −I

[14]

Figure 14. Load current model
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6.1.4 Photocurrent Equation

Photocurrent is temperature dependent, temperature here is the difference of operating
temperature and reference temperature. The heat due to the temperature excites the carriers to
flow, which creates the current. Photocurrent can affect the solar panel design, a small variation
in it gives very diverse outputs. The model for this equation is shown in figure 15.
I

= [K (T

-T!"# ) + I % ]I!! [14]

Figure 15. Photocurrent model
6.1.5 Shunt Current Equation

Selection of series resistance and shunt resistance decides the losses in the panel and it
changes the I-V curve characteristics, curve moves towards origin (ref). Depending on these
values it acts as a current and voltage source. The model for this equation is shown in figure 16.
I

= (IR + V)/R

[14]
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Figure 16. Shunt current model

6.1.6 Reverse Saturation Current

Reverse saturation current is directly proportional to temperature changes, even it
depends on other constant parameters related to the type of material. It is current across the diode
when it is reverse biased. The model for this equation is shown in figure 17.
I = I! (T

/T!"# )) q+

,-

./0

e((1/234

)5(1/2678 ))

Figure 17. Reverse saturation model

[14]
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6.1.7 Reverse Current Equation

Open circuit voltage and saturation current impacts the values of reverse current. The
model for this equation is shown in figure 18.
I! = I % /[e

: 3;
<0
=34

9

>

− 1] [14]

Figure 18. Reverse current model
The following simulink block shown in figure 19 is a solar panel, which is designed
based on the mathematical equations mentioned under section 6.1.

Figure 19. Simulink model for solar panel
The following figure 20 is a subsystem of solar panel with seven individual subsystems
for seven different mathematical equations.
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Figure 20. Subsystem model of solar panel
6.2 Boost converter

Boost converter is operated in condition for continuous inductor current, inorder to
satisfy this condition the inducatnce value should be relatively high. Due to the lower output
voltages of the solar cells, it is necessary to increase the voltage by using a boost converter. A
boost converter using a power MOSFET is shown in the following figure.
The DC-DC boost converter circuit is modelled in two modes of operations.These two
modes depend on the switch position and conduction of the diode. The state variables are the
inductor current iL and the capacitor voltage uc. Vin is the output voltage of the solar cells. The
model of boost converter designed in this thesis is shown in figure 21.
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Mode1:
When switch is ON, inductor acquires and stores energy from solar cells. The current
rises through inductor and the full supply volatge is applied across the inductor L.
Mode2:
When switch is OFF, the inductor current flows through the load. The stored energy of
inductor as well as source is transferred to capacitor and the load.

Figure 21. Boost converter circuit
6.3 Maximum Power Point Tracking (MPPT)

MPPT is used to deliver the maximum available power from the PV cells to load. MPPT
system tracks each and evry point on the PV curve to find out the maximum power, once it
reaches the maximum power, that point is set as Pmax. At that point Vmax and Imax from P-V
and I-V curve can be calculated. These kind of tracking systems should be very fast and accurate,
the should respond to the fast changing climates.MPP depends on climatic conditions like solar
radiation and temperature. The resistance of load should match with the characteristic resistance
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of the source, then only it can deliver maximum power. The efficient technique would be that
which acts very accurate in the ever-changing climatic conditions.

6.3.1 Types of MPPT

There are many MPPT techniques [21] and the comparison of different MPPT techniques is
shown in figure 22.
Perturb and observe
Modified perturb and observe.
Open circuit voltage
Short current pulse
Incremental Conductance
Temperature method
Three point weight comparison

Figure 22. Comparison of MPPT techniques [21]
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The above graph compares different MPPT techniques for cost versus energy generated.
Out of all the techniques P&O and incremental conductance are efficient systems.The technique
used for this project is P&O algorithm, which is shown in figure 23.
6.3.2 P&O Algorithm

This is the most commonly used algorithm for maximum power point tracking. In this
algorithm the controller adjusts the voltage by using the array voltages. These array voltages are
initially set with some values. It starts with some threshold value at first iteration and goes on
increasing until the power starts decreasing. If the power increases, then the approach is in a right
direction i.e. towards maximum power point. If power starts decreasing, then the set point is
moving away from maximum power point. So, the voltage value should be decremented. As this
is an incremental process, it is called as hill climbing method.
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Figure 23. P&O Algorithm flowchart [22]
According to the P&O algorithm shown above, the following circuit shown in figure 24
is designed. The outputs from solar panel are given to MPPT circuit. Those array signals may
have some higher frequencies, which are unwanted frequencies. In order to attenuate those, a low
pass filter is used with specifications of 0.8V, 60 degree of phase. After that signal sampling is
done and held for a time period of 0.1ms. A unit delay block is used for both voltage and current,
further power is calculated. ∆A = AB − AC and ∆D = DB − DC are calculated, where ‘a’ is the
original signal and ‘b’ is the delay signal.
The product of ∆A × ∆D control the action of switch. If ∆A × ∆D > 0, then the value is
decremented and if ∆A × ∆D < 0 the value is incremented. Fixed step size, ∆H is multiplied in
the process for setting the linear response. The output signal after multiplying the step size is
passed through the delay block, the original multiplied signal and the delayed signal are added
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together to form the initial MPPT signal. This signal is further passed through saturation and
sample hold blocks. The saturation block is set with a lower limit of 0 and upper limit of 0.8,
whereas sample and hold is set for 0.1ms. The saturated signal is compared with the repeating
sequence to generate the gating signal. This signal is the final output from the MPPT circuit, it is
used to drive the boost converter. The ideal P&O algorithm graph is shown in figure 25.

Figure 24. Simulink model for P&O algorithm

Figure 25. Ideal graph for P&O algorithm [23]
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6.4 Voltage loop control

Voltage in the system can be controlled using different methods, any controlled voltage
source, any feedback system and controllers like PI, PD and PID systems or any other error
approximation methods can be used. These kind of systems uses reference voltage as a set point.
The main purpose of this thesis is to control the DC bus voltage. In this thesis, a
controlled current source, PID controller and a reference voltage are used to control the bus
voltage. Controlling the voltage in the system is very important, it only sets the required voltage
in the loop. These kind of systems are used to limit the overall system voltage.
6.4.1 PID controller

Among all the models, Ziegler Nichols approach is more efficient method, when
compared to others. This kind of method uses trial and error methods for setting the initial
values.
There are many constraints [24] for selecting the particular type of control system,
•

System dynamics.

•

Nonlinearities in the system.

•

Noise in the system.

•

Attenuation and sensitivity in the system.

The setting point will depend on the rise time, settling time, the decay ratio and the
overshoot time.
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There are two different kinds of PID controllers, parallel and ideal. Parallel controllers
are more efficient than the ideal controllers. Parallel controller is used for this thesis. Controllers
are classified based on the time domain also, continuous time and discrete time are two types. A
continuous time domain is used for this thesis.
After setting the reference point, the gain in the controller should be designed. So,
depending on the application one has to set the parameters. There are three tuning parameters
and a filter coefficient for PID controller as shown in figure 26. The values for Kp, Ki and Kd
are designed according to required output voltage. Where Kp, Ki and Kd are called as
proportional gain, integral gain and derivative gain. The filter coefficient N value decides the
location of the poles in the derivative.
Proportional response is proportional to the error value, whereas error value is the
difference between the measured value and reference value. Proportional response is calculated
by multiplying Kp value and the error difference e (t).
Integral term is calculated over particular range of time, in which magnitude of the error
is considered. It is the product of integral constant Ki and integration of magnitude of error over
a particular range of time. It helps in fastening the process to reach the reference value and
maintains the steady state in overtime.
Derivative response is calculated by considering the error value at particular time and
differentiating the error value at that instant. It is the product of integral gain Ki and the
differentiated term. This part of the controller helps in reaching the set point in very few
iterations and reaches the steady state. The final response is the sum of all the three responses.
The equation for PID controller response is given below.
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I(J) = KL M(J) + KN O M(J)PJ + KL

QR
QS

[25]

PID controller is used in closed loop control system, in which the initial resulted value is
compared with the reference value. It uses the feedback loop and the adjusted value to minimize
the error. We can observe from above figure 26, SP is the reference value and PV is the
measured value. The difference of SP and PV is called as error. The error value is controlled by
the three different controller parts and adds up at the end. So, the controller performs many
iterations until the error value is zero. But in most of the cases error value will not be zero, it will
be minimized to the least value possible.

Figure 26. PID controller block diagram [26]
6.4.2 DC bus voltage control

Once the error is reduced, voltage in the loop can be controlled. In this thesis a controlled
current source is used in the feedback loop, CCS takes the Simulink input signal and converts
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into the same amount of current. Current source can be usually of two type’s independent and
dependent current source. Independent current source gives the constant current with respect to
particular voltage. Whereas dependent current source may absorb or deliver the current, which
will depend on the other linked circuits. CCS is a dependent current source.
In the whole process of voltage control in a loop, set point or reference voltage is very
crucial. Value of set point should be decided depending on the application. It depends on the
designer for choosing the reference value. For this thesis two different voltages 133 volts and
180 volts are used.
By controlling a DC bus voltage there are many advantages,
•

Multiple loads can be connected.

•

One can have clear idea about voltage sharing between different loads.

•

It increases the stability of the system.

•

Efficiency of the solar panel system is increased.

•

Voltage fluctuations are reduced, that increases the life of DC loads.

•

Supports any kind of bidirectional converter connected between battery energy
storage (BES) and load.

•

DC bus voltage can be set according to the varying climatic conditions.

Depending on the DC bus voltage, the voltage in the solar panel system is decided.
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6.5 Energy storage device

Energy generated from any source should be stored in any form of physical device. The
power which is leftover after the usage for loads is stored in the storage device. The storage
capacity may be smaller or larger depending on the requirements. The storage devices are of
different kinds, it can be
•

Mechanical storage

•

Thermal energy

•

Electro chemical energy

•

Electrical methods

Figure 27. Voltage control loop

These kind of storage systems include batteries, capacitors, hydroelectricity, bio-fuel and
electro-magnetic devices. For this thesis, one of the method from electrical methods is chosen,
which is by using a controlled current source. Controlled current source acts as a storage device
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as shown in figure 27 and as a source during the morning and night times. It absorbs the current
and stores the current during the day time when the irradiance is high. Usually the irradiance is
high in the peak noon hours from 10:00 AM to 2:00 PM, this is the best time to store the energy.
During the night, when irradiance is low, the current source acts as the source for energy. As the
irradiance levels are very less during night, the solar panel cannot supply the energy. Current
source supplies the energy to the loads during night depending on the load requirements.

CHAPTER 7
DESIGN APPROACH 2 AND CALCULATIONS

7.1 Design approach

As mentioned in the above chapters, the solar panel design is based on mathematical
equations, some theoretical calculations should be done and test the circuit under standard test
conditions (STC). By using the theoretical values, the required values can be extracted for
designing the practical circuit in MATLAB/SIMULINK as shown in figure 28 and figure 29.
Initially solar panel is designed and tested the circuit for different irradiances,
temperature and number of cells. This circuit is tested for range of values. The results were
satisfactory, so further approach is made to design the next circuit. Then in the next step
maximum power point tracking (MPPT) system is designed, which is very crucial as discussed
earlier in the previous chapters. An efficient tracking system will help in extracting the
maximum power from solar panel, MPPT system uses the output voltage and current signal from
solar panel and generates the pulse width modulation (PWM) signal, which used to drive the
boost converter. Then comes the design of boost converter, which takes the input from solar
panel (voltage and current inputs) and the gate signal is taken from MPPT system. The gate
signal control the ON and OFF cycle of the converter.
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Usually output of boost converter is given to load, in this case resistance is used as a load.
But before supplying to load the output is given to feedback loop, which controls the DC bus
voltage. This loop helps in controlling the DC bus voltage using the reference voltage. A
controlled current source present in the feedback path acts as a storage device. The output of this
loop is given to load, finally the output power is calculated after the load. The theoretical values
used for this thesis are shown in table 2.

Figure 28. Solar Panel with DC bus control and storage model
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Figure 29. Solar Panel with DC bus control and storage subsystem model
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7.2 Calculations

Table 2. Theoretical values used for this thesis [27]

Name

Value and Unit

Voc, Open Circuit Voltage

21.1V

Isc, Short Circuit current

3.8A

Iph, Photocurrent

5A

Is, Reverse Saturation Current

2e-4A

Tref, Reference Operating Temp.

298 K

Topt, Operating Temperature

300K

q, Charge of Electron

1.609e-19 C

Eg, Energy Band Gap

1.12Ev

Rsh, Shunt Resistance

360.002 Ohms

Rs, Series Resistance

0.18 Ohms

Kb, Boltzmann Constant

1.38e-23 J/K

Ki, Current Proportionality const.

2.2e-3

N, Ideality Factor (Solar Cell)

1.36

C, Number of Cells in Module

72

Np, Number of Parallel Cells

1

Ns, Number of Series Cells

8

G, Irradiance (STC)

1000 W/m2
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Table 2. Theoretical values used for this thesis [27]

Name

Value and unit

Kp, Proportional gain

0.1

Ki, Integral gain

0.1

Kd, Derivative gain

0.5

N, Filter coefficient

0.6

L, Converter inductance

0.01H

C1, Converter capacitance

200uf

C2, Converter capacitance

2mf

V, Cell Output Voltage

V

I, Cell Output Current

A

CHAPTER 8
RESULTS

The following graphs are for maximum power point tracking, the simulations are done
for range of 0 W/m2 to 2000 W/m2. The algorithm in MPPT picks up the maximum power from
any point on the panel. Whiles simulation is running, the plot in the scope moves to and fro along
its path to find out the Pmax point. From the Pmax point we can calculate Vmax and Imax. For
all the following graphs, units for power, voltage and current measurements are in watts, volts
and amperes respectively. The following plots are for three different irradiances.
For all P-V curves below:
X-axis: Voltage (V)
Y-axis: Power (Watts)
For Irradiance 500 W/m2

Figure 30. P-V curve for 500 W/m2
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Maximum power, Pmax: 151.2 watts
Maximum voltage, Vmax: 108.01 volts
Maximum current, Imax: 1.4 amperes
For all I-V curves below:
X-axis: Voltage (V)
Y-axis: Current (A)

Figure 31. I-V curve for 500 W/m2

For irradiance 1000 W/m2

Figure 302. P-V curve for 1000 W/m2
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In figure 32, Pmax is around 375 watts, the theoretical values are also almost same.
Which means the proposed system is proven practically.
Maximum power, Pmax: 374.5 watts
Maximum voltage, Vmax: 125 volts
Maximum current, Imax: 2.991 amperes

Figure 33. I-V curve for 1000 W/m2

The point at which, current is zero on I-V curve is open circuit voltage, Voc is around
163 volts in figure 33.

For irradiance 2000 W/m2

Figure 34. P-V curve for 2000 W/m2
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If you compare P-V curves for multiple irradiances, it can be observed that the Pmax
point is at the knee of the curve from figure 34.
Maximum power, Pmax: 853.6 watts
Maximum voltage, Vmax: 141.15 volts
Maximum current, Imax: 6.045 amperes

Figure 35. I-V curve for 2000 W/m2

Graph shown in figure 35 is similar to the ideal I-V characteristics of the solar panel at
standard test conditions.
The following graph shown in figure 36 is the gating pulse signal generated from MPPT
circuit, this signal is used to drive the boost convereter switching. The duty cycle for this is 11%.
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Figure 36. PWM pulses

The following graphs are simulated for the below values
Case I :
Irradiance 100W/m2,
Load resistance 115 Ohms,
Reference volatge 133V
Figure 37 shown below is the output power of the circuit and the second plot is maximum
power from solar panel. The output power is less compared to maximum power due to the load
power absorption.
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Figure 37. Output power and maximum power 1

Pmax is around 11.75 watts
Pout is around 10.5 watts
The following figure 38 is the output voltage, this voltage is same as the reference
voltage in the loop.

Figure 38. Output voltage 1
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The graph shown in figure 39 is the dc bus voltage, the voltage is same as that of
reference voltage. This shows that the circuit is running efficiently for the given reference
voltage. The reference voltage used for this case is 133V and it is almost same.

Figure 39. DC bus voltage 1

The current shown in figure 40 is used for final output power calculations. In this case the
current is constant for most of the time intervals.

Figure 40. Output current 1
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The graph shown in figure 41 is current produced after the voltage loop is attached, it
increases initially and after some it reaches steady state.

Figure 41. Output current after loop 1

The following graph in figure 42 is the output of PID controller, the parameters Ki, Kp,
Kd and N decides the output of this controller.

Figure 42. PID controller output 1
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The following graphs are simulated for the below values
Case II:
Irradiance 500 W/m2
Load resistance 235.85 ohms
Reference voltage 180V
For this case the maximum power is around 152 watts, and the output power is 145 watts as
shown in figure 43.

Figure 43. Output power and maximum power 2

For the following graph in figure 44 and 45, the output voltage is around 180V, which is
due to the reference voltage.
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Figure 44. Output voltage 2

When the error value is zero in the PID controller, the voltage in the loop reaches around
180V.

Figure 45. DC bus voltage 2
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The output current in figure 46 is higher than the loop current, which means controlled
current source is absorbing the power.

Figure 46. Output current 2

The following graph shown in figure 47 reaches steady state at 0.5s and its value in
amperes is less when compared to output current.

Figure 47. Output current after loop 2
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Figure 48 shown below is having negative value, which means the current source is
acting as a load.

Figure 48. PID controller output 2

The following figures 49, 50, 51 are plotted between the irradiance on X-axis and
controlled current source on Y-axis. The simulations are done three different loads, 20 ohms, 40
ohms and 115 ohms. The irradiance values are considered from 0 W/m2 to 2000 W/m2. This
circuit is tested for night time irradiances and day time irradiances. The following graphs are
plotted from excel spreadsheet values for 12 different iterations.
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Load Resistance 20 Ohms
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2
1
0
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Figure 49. Graph for irradiance Vs controlled source current for load 20 ohms

From Ohm’s law, it can be concluded that the resistance is inversely proportional to
current. By looking at this graph it can be clearly analyzed that the load is consuming very less
amount of power, as the load is very small.
At 0 W/m2, the controlled current source is adding current (indirectly power) to the
system, the absorbed power during day time is used as backup source during nights. In this case,
controlled current source is acting as a storage source for power. The current value at 0 W/m2 is
around 6.5 A, which is decreased when the irradiance is increased. Considering at 2000 W/m2,
the current source is adding very little amount of power, Ics value for this irradiance is around
0.2 A.
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Load Resistance 40 Ohms
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Figure 50. Graph for irradiance Vs controlled source current for load 40 ohms

A clear observation can be made on the storage device’s performance between night time
and day time irradiances. During the sunny days when irradiance is high, the current source is
absorbing more current and it is saving for backup. It is acting as a load when the irradiance is
high. Moreover it is acting as a source during night time when irradiance are low. The current
values are linearily decreased from 3.3 A to -3 A. From graph, it can be concluded that the load
decides the amount of power (excess or deficit ) during day and night time.
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Load Resistance 115 Ohms
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Figure 51. Graph for irradiance Vs controlled source current for load 115 ohms

When load is 115 ohms and irradiance at 550 W/m2 the current source is not absorbing or
adding power. At this point it is neither a source nor a load. From this graph shown in figure 51
it can be observe that, the controlled current source and irradiance are directly proportional to
each other in magnitude.

CHAPTER 9
CONCLUSION AND FUTURE WORK

An efficient solar stand alone system is designed using MATLAB/SIMULINK.
Maximum power point tracking is observed by using P&O algorithm. P-V and I-V curves are
analysed for different irradiances ranging from 0 W/m2 to 2000 W/m2.
DC bus voltage is controlled by using PID controller, simulations are done for two
different reference voltages. The output voltage is very near to the reference voltage.
Controlled current source is acting as a storage device, it is acting as both source and
load. By looking at graphs we can clearly differentiate it.
A thesis extension is possible by conducting simulation for variable load, moreover we
can do it for parallel loads. In addition, this circuit’s performance can be analyzed for loads with
high power requirements like motors, vehicles. Even for low power applications, this circuit can
be simulated. Compare both the low and high power results and analyze the data.
Hybrid vehicles can be added as load, so that if there is excess power car battery can be
charged. Even any normal storage device can be replaced with different storage systems like
capacitors, supercapacitors.
That would be more interesting if analyzation of controlled current source performance is
based on the changing temperatures. This can also be extended by implementing global
maximum power point tracking system, which acts very fast in bad climatic conditions like
snow, rain, shadow.
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At the end it can be concluded that there are few advantages and disadvantages for each
product depending on the application for which it is used. Efficiency and cost are equally
important for any solar panel systems. Customers are the one who can decide the perfect solar
trackers for themselves depending on their application. Finally I suggest everyone to save
energy, so that environment in return saves you from all the ecological imbalances. Keep some
resources left for our future generations.
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